Abstract--The
Introduction
THE INSTANTANEOUS foetal heart rate (f.h.r.) and uterine contraction (u.c.) curves using the cardiotocogram (c.t.g.) are indispensable pieces of information for obstetricians when foetal distress is diagnosed. Since f.h.r, monitoring is a real-time factor, continuous observation is recommended.
If this information is analysed by computer, the following should be considered: (i) A computer can constantly monitor f.h.r, and u.c.
for any required duration, replacing doctors (warning function). (ii) Diagnosis will be automatic, without the physicians' services (diagnostic function). (iii) The results analysed will be printed outin figures (adjustment and filing of data for diagnosis). (iv) Data which doctors themselves cannot assess will be calculated and printed out (presentation of newly prepared diagnostic data). (v) A higher diagnostic accuracy is achieved resulting from noise reduction and other related techniques.
In the present study, the computerisation of f.h.r. monitoring which meets these aims and conditions
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Methods
F.h.r. and u.c. signals were fed from a TOITU c.t.g. . The input of the f.h.r, signal was by means of either a phonocardiogram, Doppler, or a foetal e.c.g., and that of u.c. was made using an abdominal transducer of the gird-ring type.
Input data from the c.t.g, were transmitted tO an analogue-to-digital convertor and then filed in a magnetic disk . At the same time, these data were simultaneously analysed by computer and the results were described on a graphic display (SONY TEKTRONIX 4051)every 6min together with the f.h.r, and u.c. curves. The same display could be printed out by a hard-copy (FUJI XEROX 1660) graphic printer. In addition, the input data could also be filed in a magnetic tape (AMT 1700, Alpus Electric) after the completion of delivery (Fig. 1) .
As for the analytical parameters, amplitude, lag time, recovery time and duration of deceleration, baseline f.h.r., and irregularity were included, for which critical values could be established prior to the analysis, and provided for, with an alarm to Sound on when the values were exceeded. The analytical results were recorded on a graphic display together with the f.h.r, and u.c. curves every 6min (Fig. 2) . Abnormal parameters, if any, were marked with a '*' and a warning signal by bu2Zer Irregularity was defined as (u.c.) . The result will be also successfully copied by hardcopy the percentage of the difference between each instantaneous f.h.r, every 6 min below the initially set value.
Subjects enrolled in the present study were 476 mothers who delivered from April 1978 to March 1980 in the hospital attached to Hamamatsu University School of Medicine.
Results
In order to perform an accurate analysis of baseline f.h.r, and deceleration etc., accurate data at a low static level are required. In the case of input of the foetal e.c.g., a peak detection of the input signal is easily made with a high reliability; however, there is much static and a low reliability if the input is via microphone or Doppler. To improve the accuracy of input signals, noise reduction and autocorrelation were performed. This was followed by the pattern analysis such as baseline f.h.r., deceleration, etc.
Treatment of original signal
An appropriate critical value against the original signal was initially established and data for autocorrelation were then entered, optionally setting 0 when the original signal was below the threshold or 1 above the threshold. Data were sampled every 1"6 ms and autocorrelation was performed on 1023 samples (1-6 x 1023 = 1636.8 ms). A peak detection was made on the result of autocorrelation during the period from 290 ms to 1632 ms (37b.p.m.-207b.p.m.). The assessment of a peak was made as follows (Fig 3) when f f(r)dz < f f(z)dz. On theother 0 t hand, when the above formula could not be fulfilled at = 1632 ms no peak was present. When the peak was detected, the time showing the highest value of autocorrelation during 160ms was considered as the maximum.
(ii) In.the case of foetal heart sounds or Doppler, the reference level for peak detection was 1.5 times that of the foetal e.c.g, because Of high static. The peak Any values fulfilling condition no. 1 and meeting one of conditions no. 2 5 mentioned below were considered to be normal, while those not fulfilling any of the conditions were treated as static. When it was judged to be static, the last normal value was assumed as a datum and stored.
Analytical algorithm
A computer system is excellent at various calculations and recall of the results but is poor at pattern-recognition for deceleration, thus requiring the establishment of a reference level. We optionally established the following algorithm as the criteria for baseline f.h.r., deceleration and uterine contraction.
3.2.1 Baselinefh.r. Data on f.h.r, obtained during the last 6 rain are classified into the following 42 blocks and the frequency calculated. The mean of the data in the block showing the maximal frequency was decided as the baseline f.h.r.
Block
Range Block Range point with the reference level was judged the end-point. When the duration from the starting point to the endpoint was less than 2 min, the presence of deceleration was defined as in Fig. 6 where the deceleration area (area below baseline f.h.r, expressed in b.p.m, x s unit) F ~>20s - The baseline f.h.r, values thus obtained according to the above method coincided well with those visually obtained.
Recognition of deceleration.
In order to rec0gnise deceleration of the f.h.r, curve, a minus 8 b.p.m, value from the baseline f.h.r, was defined as the reference level. Deceleration was defined when the f.h.r. declined below the reference level for more than 20 s in succession and simultaneously fulfilled the following conditions.
As shown in Fig. 5 , a point on the f.h.r. 10 s before the first crossing point of the f.h.r, with the reference level was judged the starting point of deceleration, while a point exceeding f.h.r. 16s after the second crossing The measurement was used in this study. U.C. obtained by external measurement is somewhat relative and easily varies with the application of the transducer, in the case of cardiotocograms generally marketed, the absence of u.c. after application of the transducer is considered to be the baseline value and this type of programming was employed in the present study. In our device, u.c. was defined when the following conditions were fulfilled. Namely, the average contraction for 30s+10mmHg (one-tenth of the dynamic range of c.t.g.) was calculated every 8 s and it was used as a reference; level for recognising u.c. when u.c. was above the reference level for 20 s or more in succession, it was recognised as u.c. No modification was made to the reference level when the u.c. exceeded it. The complication of u.c. was confirmed when the contraction fell below the reference level and a new reference level was readjusted every 8s (Fig. 7) . Even if the u.c. did not completely recover, however, so far as the value was maintained within the reference level +10mmHg for more than 10s, the first point was recognised as the end-point of u.c.
Classification of deceleration.
Deceleration was programmed to be automatically classified into four types according to its phase contrast relation to u.c. and its shape. First, the evaluation was made as to whether or not the starting slope of the deceleration is steep. A steep slope was defined when the descending f . h. r ~E or ascending phase of deceleration appeared more than 30b.p.m. change during a period of 6s (Fig. 8) .
From the phase-contrast relationship of deceleration to u.c., including its slope recognition, the following four types were programmed.
(1) prolonged deceleration (P) Regardless of the phase of u.c., one that lasted for more than 2min was defined as prolonged deceleration.
(2) late deceleration (L)
Deceleration which fills one of the following conditions was defined as late deceleration.
(a) The starting point of deceleration (S) was delayed by over 15 s from the starting point of u.c. (S') and also from the maximal phase of u.c. (M'). In addition, the end-point of deceleration (E) was delayed by more than 30 s from the end-point of u.c. (E') ( Fig. 9) . The conditions mentioned above are expressed as follows.
S'+15 < S, M' < S, and E'+30 < E S: starting point of deceleration, S': starting point of u.c., E: end-point of deceleration, E': end-point of u.c., M: maximal phase of deceleration, M': maximal phase of u.c., D: duration of deceleration, D': duration of u.c.
(b) S+15 < S, M'+30 < M, and E'+10 < E < E'+30.
In the condition (a) or (b), when the descending or ascending slope was steep, it was assessed to be a combination of variable and late deceleration (V+L).
(3) early deceleration (E)
The definition of early deceleration was given when one of the following condition was filled.
(a) S'-15 < S < S'+15, S < M' and E' < E < E'+10 (b) S'-15 < S < S'+15, M' < M < M'+30 and E'+10 < E < E'+30 (c) S'+15 <S< M', E<E', and 1/2D' <D. (This means that the duration of deceleration was longer than half of the duration of u.c.) (d) S'+15 < S < M', and E' < E < E'+10 (e) S'+15 < S < M', M' < M < M'+30 and E'+10 < E < E'+30.
When the descending or ascending slope was steep in either case mentioned above, the deceleration was defined as a combination of variable and early deceleration (E + V).
The assessment of variable deceleration was given if one of the following conditions was satisfied (Fig. 11) . (d) S'+15 < S, M' < S, M' < M < M'+30 and E'+10 < E < E'+30 (e) S' < S < M', E < E' and D < 1/2D'.
Finallyl deceleration which could not fill any of the conditions mentioned above was judged to be that of an unclassified type.
According to the method of classification above, the assessment of deceleration was performed in 123 cases of delivery in our department, with accuracy of diagnosis as follows: early deceleration: 76%, variable deceleration: 88%, late deceleration: 72%, prolonged deceleration: 81%. Details are shown in Table 1 .
Discussion
As previously stated, the significance of f.h.r. monitoring by computer includes diagnostic functions, advances in diagnostic accuracy, a warning function, filing of diagnostic data and supply of newly prepared diagnostic data. With the present system, irregularity which is difficult to judge visually is also made feasible. The above points well establish the significance of introducing computer systems in f.h.r. monitoring. In recent years, an automatic diagnosis of foetal distress has been attempted by analysing two data sources, f.h.r, and u.c., using computers. YI:iH, et al. (1972) performed similar calculations using an IBM-360/91 computer resulting in an actual diagnostic rate of deceleration as high as 84%.
Although our present study is the first work where this type of deceleration was successfully classified by means of pattern recognition, the following problems were encountered in the pattern recognition.
Auto-correlation
Not only in the case of the foetal heart sound signal and the Doppler signal but with the foetal e.c.g, signal also, static can not be entirely avoided. Although signals with relatively less noise may be obtained when the interval of the u.c. is long in the early stage, the interval of u.c. generally becomes shorter with the progress of delivery, producing signals with much noise. In order to obtain well-controlled signals throughout the whole duration of delivery, the coping with noise is essential. Autocorrelation is one of the methods for noise abatement and, especially, it may become an extremely useful measurement in the presence of periodic signals such as heart rate. In the present device, data were sampled every 1"6ms and autocorrelation was performed on 1023 data. The results, as shown in Fig. 4 , that noise constituents in heart-rate pattern were suitably diminished and the heart-rate pattern thus obtained coincided well with the original heart-rate pattern. As autocorrelation was conducted by using both hardware and software, it was possible to make more complex calculations as compared with conventional simple autocorrelation using hardware, providing more accurate autocorrelation.
Baseline fh.r.
YEn eta/. (1974) had analysed the mean of f.h.r. for 10s before the onset of u.c. as a reference heart rate by means of an online warning device in 1974. This method is very simple: however, it often happens that a false reference heart rate may be calculated when previous deceleration persists up to the time immediately before u.c. or when acceleration is present. We classified the range of frequency and the mean in the region with the highest frequency among fresh data for 6min sampled every 8 s as the reference heart rate. By means of this device, almost satisfactory values were obtained. When the reference heart rate is difficult to determine visually because of extreme variations such as sinusoidal pattern, it is difficult to recognise the accurate reference heart rate. Further investigation is considered necessary to solve this problem.
Startin 9 point and the end-point of deceleration
The starting point and the end-point of deceleration were obtained using a reference level which was calculated by subtracting 8 b.p.m, from the reference heart rate in order to recognise deceleration. Although f.h.r, occasionally shifted to the next deceleration without turning to the reference heart rate, the endpoint was decided at the point when the value exceeded the reference level over 16s. By means of this technique, it is considered that any misevaluation at the end-point of deceleration was reduced, together with decreased real-assessment of deceleration recognition.
Startin 9 point and end-point of uterine contraction
YEn et al. (1972; 1974) had determined u.c. by internal measurement and expressed it with the absolute value of intrauterine pressure. However, it is only natural that an external measurement is more desirable than internal measurement because the latter may result in increased risk of infection and invasion. In the case of external measurement of u.c., it is impossible to discuss u.c. with its absolute value because the determined value may vary greatly with' the strength or weakness of tightening the transducer. The baseline u.c. was decided after lightly adjusting the transducer of the present device and the reference level was then determined for assessing u.c. The starting point and the end-point of u.c. was decided when the value exceeded this reference level; however, the reference level was adequately changed with lag time according to the condition of intrauterine pressure so that the recognition of the starting point and the endpoint of u.c. became possible even if the uterine tonus was elevated. Furthermore, the completion of u.c. was defined when the determined value was within 10ram Hg over the reference level persisted for more than 10 s even if the intrauterine pressure showed no recovery to the reference level. From the above performance, it is considered that the assessment of u.c. becomes possible and the errors in judgment of u.c. may be much reduced and errors on deceleration type can be largely avoided by means of this device.
